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0029), is condiacting a syste'mlevel integration dfa'5Ok

This p discus• design and systems integration LOX/LH2 Upper Stage Demonstrator (USD) enginef.
7 s1atusj.( a 5( 000 pound (222.4 kN) thrust (Ref AIAA 9-2475, Doign and Development of a

L ,%ld Oxyg ydrogenVUpper Stage Engine Demonstrator 50k LOXIHydrogen Upper Stage Demons•rator). The
(USD) being created by Patt &.Whitney Liquid Space .USD is comprised of the Advanced Liquid Hydrogen'
Propulsion under contract for the U.•ited States Air (ALH) turbopump,which is currently undergoing test5
Force Research Laboratory (AFRL) to support the (Ref. AIAA.2000-3679,, Testing of an Advanced Liquid
Integrated High Payoff Rocket Technology (IHPRPT) Hydrogen. Turbopwqp), the Advanced Expander
prgr an WThe objectie of tis p•ogram is to integrate Combustor (AEC) (Ref AIAA 2000-3776, Fabriegfion
advanced technology components into an expander And Test Of An Advanced Expander Combusto nd--
cycle engine configuration and demonstrate a 1% P&W provided PAdvanced Liquid Oxygen WLO),
increase in specific impulse, a 30% increase in engine turbopump.
thrust-to-weight, a 25% reduction in failures per 1000
uses, a 15% reduction in required support costs, and a The ALH turbopump was designed mid fibricated by
15% reduction in hardware costs, relative to current P&W for the AFRL under contract F0461 194-C-0008
state-of-the-art levIls. Scheduled to be the first of the and is currently undergoing comnponent,_ testing at
IIPRPT program engine demonstrators, test firing is P&W. The ALH turbop p i an advanced
planned in late 2001 to demonstrate a chamber fluid film rotor support system andpui and turbine
pressure (Pc) capability of 1375 psia (9.48 Mpa). This improvements to maximize pump discharge pressure at
integrated 50k LOX/LEengine demonstrator will be a minimum turbopump weight and production cost.
used to evaluate idivid component technologies as The AEC thrust chamber was designed and is being
well as the system level ]mechanical, structural and fabricated by P&W for the AFRL under contract
thermodynamic interactionzs\ , .F04611-95-C-0123 for component testing with a P&W

povided 50k injector in summer 2000. The AEC
This technology program pushes the performance and thrust chamber incorporates an advanced'copper alloy
oerability envelope of existing expander cycle engines ina tubular design to significantly improve the
and provides the technology foundation to.-allow the capability' of the expander cycle engine. For the
development of the next generation ofadvanced space demonstrator contract effort, P&W is integrating the
propulsion systems for 'upper sta and reusable P&M9ovided'ALO turbopump and 50k injector with
booster applications. Additionally,':through desgn, i the goverme~ wiished ALH tubopump and AEC
manufacture, and integration of the demonstrator;new thrust chamber, ..into a demonstrator assembl7)
methods have been developed and adopted which will' prdviding' all required component physical an".
increase reliability and reduce component hfbrication functional futftrfac ',ducting, valves, actuator, control
times. sytm u stunrentato,4 and sensors.

INTRODCTION A ~ The integration `..of .these advanced tcnlg
c . . ,omponeninto tn engine level system for test firing

The Air Force, Army, Navy, :mid NASA ve: wMl"enonstW~th.e IHPRPT LOX/LH2 boostf/orbit.
implemented a three-phase, 15-year rocket pr sion t e , p.r ops6 area Phase I goals. These system
technology improvement effort to "double /ocket level goVals 'inc a 1% improvement in vacuum
propulsion technology by the year 2010V This specific impulse, a 30% improvement in thruO•
initiative, designated the IntegrateLdHigh .Payoff weight, a 15% reduction in hardware/support costs,
Rocket Propulsion Technology (H-PRPT), eýablished and a 25% reduction, in failure rate relative to the
performance, reliability, and cost improyenrent goals current state-of-the-art engine.
for each of the three phases. These goals are to be met'
by advancing component technology levels through Pratt & Whitney, in cooperation .with AFRL,
design, development, and demonstration, folloed'by "established an advanced upper stage expander engine
an integrated system level engine demonstrator• to model for the purpose of establishing the individual
validate performance to the IHPRPT system level component requirements necessary to ensure the
goals. Pratt & Whitney (P&W) Liquid Space IHPRPT Phase 1 system level goals are achieved. This
Propulsion (LSP), under contract to the United States cycle model was used to establish the performance,
Air Force Research Lablomtiy (contracF0461 l-97-C- c`cs, weight, and thermodynamic operating
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requ~irements of the demonstrator engine. The nople will be 448.2 seconds. Extrapolating the design
component and engine level demonstration goals of he USD to estimated flight weights for the
established for the 50k LOXILH2 Demonstrator to: - components indicates that the IHPRP`T Phase I thrust-
support the IHPRPT goals are- to-weih goal of 70.9 is achievable. Table 1 compares

41) the USD and -projected IHPRP`T Phase I engine
0 Demonstrate an engine chamber pressure of 1375 reliability improvements to the baseline engine. As the

psia (9.48 MPa) at an engine flowrite to provide,.ý 'table iiudicats the USD without the dual channel
50,000 lbf (222.4 kdN) of ihu-,' edundancy ,,1,that woula4 be incorporated into the

* Maintain the geometric enveld~f the baiseline I.1HPRPT engine design,:is still projected to show a
(throat area, engine length an im tet; et.) reliabiity. izdrvement of 54% due primarily to the

* Traceable component weights to-supor anegn siip-lified valve des igs' and' improved reliability of the
fihwegto70 3l > .J. . fetubp.Projecting the...D technologes into

* emntrtreetbesaesiauon n eJPRThaeIugeih the additio of dua
staysaeoperatio14 3  -f I-V~l'otlsstem redundajicy, shows that the

gol f 2%c pcet reiblTy mrovement is
possibile toachieve.

DISCUSSION'4-o teUD
Fiue1 shows the CurreiofcotheUSDi.d

System aigteration Design 1'. The ýdesip ha changdveylte since the
With the design of the princia components,. thfAtliminary Design. Review (FDR)ki Deember 1998.
AEC and ALO having beei Comýe *4under separate te AisGrup woritingi~cnetwt &~Ts
contracts, tie scope of th~ US Qneff;rt wa.iie*oDintem opee h dsign of the USD
system integration. Syse ýb t&eUSD_ P'Pmg- Mio co guration cllnkesllavebenmd
piping was concluded with'i asceslCitical Design r Pv' desin g n toip e UDtasent
Review in September 1999:. 'The _Demonstrator i o.o r attsuete trr oaso h
projected achieve the IHPRP`T .Phase 1 goal-of 50oo 000r-opumps. hme n neto dntece
1Wf (222.4 kN) thrust with magi. The projected ;.:

vacutum specific impulse with a baseline area ratioan stctm

~anlyss ~ ih piingwas
, ~performed. The flow analysis

inlet conditions for each section
were derived from tie cycle
analysis..Teoedmnita

anlsis indicates that at 100%1v
RP , impr~vements in pressure

Me s"of Min the hydrogen-'.
companent itJ _9 system and 17% in the oxidizer

Na's 44yo:~d~ p 71 system culdU be 7achieved
2ý7~24 3 compared to,* the. initial, math-

Dad ~ ~ ~ OW 13% 1 model, xettos h
Dulcadp~dsre~~y26%0W ' imrv mei piping pesure

~i% 3____ % y 0  drop assures that the turbine
Ginba~ssyD~dm~UK~Sflow control -'~vaes hv

pe~lwrI~nn 'lbM==etMW ;1VI. operative margi atitht LU1J7

6W miva RPL operating condition. The
~oo~tP~pstructural analysis includes fthe

:ad Boos actoedfrmpb mabl ~ w6 ý weight of the -Components -and,
~ ... ~ was performied at both 100%

L_.-.-A. RPL and chill-down conditions.
_ _-. .. .. ..-- --.- -. . -~. - . ...-. to bckt the expected

- --- E i.T~adg -7 4 peaigrange. The analysis,

Table I - USD, and IHPRPT Phase I Relibility Comparison indicates all piping stresses are
well within desired margins of
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Figure I - USD Configuration

safety for both static and vibratory conditions without USD Math Model
imposing unacceptable interface loads on the A USD system math model has been created with the
components, which is:adequate for the design. intent of P&W/NASA MSPC ROCket Engine Transient
the USD. The thrust ,mount support ring was also Simulation (ROCETS) system. ROCETS consists of a
examined and found structurally acceptable with end library of module building-block codes, a processor to
supports. The strctural model will be retained to assist configure the modules into a user defined system
with the design of the discharge piping and other simulation and a processor to execute the simulation as-
facility interfaces. The impact of the loads is expected defined by the user. The module codes are non-linear
tobe low because of the current margins. mathematical representations of the rocket engine

components with ' sub-modules containing
Over 150 individual -sensors have been incorporated characteristic maps of specific components:. and
into the design of the USD to gather health monitoring properties of fluids, metals and combustion. Design,
and performance data on each of the components and off-design and tranrient characterization are provided
the .system.in additional to the almost 20 parameters with the simulation through the use of characterized
that will be monitored by the Digital Electronic Rocket component maps. The transient ROCETS model
Engine Control (DEREC). System data to be gathered represents the engine cycle and the component to
include component fluid inlet and discharge ;component interactions with real properties (fluid and
conditions, inlet flow rates, turbomachinery rotational combustion) along with 2-dimensional flow analysis.
speeds and vibrations, valve positions and Non-linear dynamic analysis of system interactions is
electromechanical Actuator (EMA) current draw. achieved with volume dynamics, inertial flow, line

Sfriction losses, valve, actuator and controller

ia -L"t American Institute of Aeronautics and Astronautics
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characteristics. Heat transfer analysis is limited to 2- chamber erosion during transients. Control
dimensional conduction and convection. The model methodology- stdies were performed to identify
does not perform any Computational Fluid Dy.naics chamber pressure iaid iixture.ratio contfolsb, .and.set
(CFD) analysis. - control parameters. Open and closed: loop control

- .-- simulations were run to validate the ability to con Io
The USD ROCETS mnathinodelasb6boll transientad "trust and mixture ratio to the requt set-p•o"ts.
steady state. odeling "' .aaiities within e ALH and ALO turbopump performance maps will be
limitations previously ident i.fe This. mtem !e•vel. - echmarked against com nent.. prformance test
math modeflis used,. to' stabfsh start; power ,lel ;:results to assure sufficient cooling,.Wf the. thrust
ramps, shutdown and steady state valve sc•h•ed chamber. The:e.ffects of injector purge•-.actvation on
support test planning and, pre-run predictions; suppo ppllant filland flushing wer ea " Themath

component and plumbing design; define *vave. model enables customization of 'system . otrol
requirements; and verify control methodology. "Ie ý,'param•ters to safely optimize USD operaýon.
USD math model is' used to optimize urasient.1 .a "d*'
steady state operation with thefollowing operability USD Math Model Updat•: -

considerations: . The: USD system math mbd'el will be updated to reflect
Avoid pumnp cavitation, _a -anadoverspeed "comnent ch t tic based o Inaf design and
caused by rapid flow acceleration, low inlet component test results. The USD system math model
pressure and violation of suction performance) hs . been updated to 'ellect the final design

• Minimize water hammeGQ configuration piping line losses. The ALO performance
• Avoid injector flow revErlo maps were available December 1999. Limited stead•)
* Avoid nozzle throat over-temperatme state analysis:w•as completed with these component
* Prevent thrust chamber er6sioig) updates, discussed below. Valve characteristics were
• Track requested thrust and mixture ratio) & 'available late in 1999. Verification of the valve flow.
* Avoid excessive turbopump axial1lads .data will le comipleted.pdior to. updating the math

+- ' '• - -model. AEC component characteristics will be available
Several non-linear characteristics are incorporated in in mid 2000 f4ollowing hot fire testing of- the AEC.
the USD math, model. Combustion properties are ALH component characteristics will be available upon"
obtained ýom thie NASA ODE database and real fluid completion of the ALH test series.
properties from the NIST database. The USD ROCETS
model simulates: - Transient Analysis:
0 Volume dynamics; The transient studies will be repeated upon having the
* Pump inlet and discharge line, inertia; off-design characteristics from component testing of

. Piping line losses and valve characteristics; the ALH, ALO and ABC incorporated io the model. -
Dsgan. o 'The coupling of these components and' the'.system

charateristics; '0-edynamic characteristics requires that final -tlnsientcharacteristics;

Multi-node, chamber 2-dimensional heat tansfer studies be deferred until all benchmarked component

module; characteristics -are availablh.. Analysis *of utb6pump
Inje'tor21maxial .lwds will be-complete after ALH and ALO
Inje.o.ar.s;-component, characteristics have been validate 1)yýte't-

• ContonerWith digital to analog interface actuator - be i co nto a om i
dynamics, sensor dynamics, and open or closed and ults io rdt.p.a a
loop capabiljity; oue.

• Fuel system venturi; a -ANteadyAState.Analysis:
SActive injector purgejE The USD math model was 'used to analyze the

Using the math model steady-state and transient pPlininay-stead~ate prormance at power-levelso ranging from the start level, 60% RPL - Pc of 825 psia"
opeatin~wer eamied o eveop control. (5.69 Mpa):at an 0/F of 6.0, to the 100% powier level,

methodology and valve, sequencing that would satisfy P '5 (9 Mpa) at an 0/F of 6.0. hle• ~Pc of'1375-psia (9.49 Mpa) at an O/F of 6.0.:h
the operability considerations during start, power updated' ALO' performance maps result"in no
changes, steady-state and shut-down. Valve sequencing significant change in the stead1tate operating points
was optimize to minimize water hammer, avoid p.uidp. analyzed.. The piping line losses resulted -in a 3.5%'
cavitation and similar tpurnpu ... related- increase in fuel control valve margin at the I00% RPL
considerations, and reduce the potential of thrust point Complete steadetate analysis, including the off-

American Institute of Aeronautics and Astronautics
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-EnainelConitrol Monitor

FECie S2ystem E f Verifir Syste
l ReaslT-hate Monitor falEngin dModel . " e

faulttio aco moation fntos.Wiebthca e

L-II ML-STD-1553 " ' ": .: " " ''

ni no w bTest Buw p a m i c n

an -enine el i cIL- stem5. 3 Test Fae n on lp w

Ficorei2 The DEREC Software Vere inocl $y.sdteme

designi points, and tinbopump axial loads wiE s be cs l i f
defa ed until benclinarked component characteristics The embedded softwarea will control.the demonstiedn s
are available. Ethrough all phases of operation.- prefmo crdiioni

chdri ad p s s y DEr steao te,.and shutdown,. and will ichklude
Digtal Els, ctronic Rocket End egCond ot Wsot e , limited self-health monitoring pte du tciing 'oand

dr y p gho w t fult accommoatioS m fw ctions.c While both chamber
The 50kDengine demonstrator will be configured with pressure and mixture ratio control fonActians will be
an ' on-engine" electronic control system.- Th. engine open loop with command set-point eis a.ve byee
conttrol ri stem t will be comprised of a Digital Test Conductorv the DEREC softwarera winclloitloe as.
Electronic Rocket Engine Control (DEREC E system limited authority closed loop trim fvt ction seat cand bel... ..
and electromechanical achannes (EMAs) to control the activated dining testing. are peet bein
engine; valves. ftEMAs eliminate the need for mnoi adts
conventiotal hydraMic actuators and pucnps, supply DEREC software has been written andbech checko
fines, and associated n ound suport euipm of teis in e h a .o ar
4i% redsutiort e rathe IHPRPT iost,, weighti and . h arfication System whic o inco es a Vompfierte
reliability geals. i r simulate thedengine and EMAn"s Figuree 2). The

of.the p i a o s. TVerifier has a Teal time model that simanlatll engine'The D)EREk ''receives .thrust.. and mixture ratio operationsý'aid EMA feedback for all stages~of engine,
commands fiora the test stand computer and modulates operation. DEREC software test cases have been

the rig EMAs to achieve the tdesr t acle completed to verify ae engine operating coi.tion as
response. While both the DE )C an ab cand well as sensor Sserformace; activator respors te s
fully redusdant electrical channes only one chaom el controfmodels. d oftwari testrcasare presently P eingo
willbe active for the demonstaor testprogrm Useof run to verify DEREC self-health monitoring rand test
a DEREC with EMAs with redundan charnels is stand commucications.expected to provide an IHRPT Ams I engine with a .:•-
45% redluction in failure rate, through improved engine Once characterization of OSD components is complete,

control, electrical signal rdundAnc, e nd c imins tion t o soAr ware"ohednes and constants wilbe reviewed. If
of the rimeumnatic:actatimtrio yem. The demonstrator necessary, the software will be updated and all changesDEREC will commtuicate with the test facility - will bere-testedtoensizre'praop0eration. .
through a MI.-STD-1553 .data intefae through an
Engine Control Monitor (ECM)., An abort..cornamnd The Verifier System will also be used *fo test
can be sent directly from the test stand computer to simulation :during demonstrator testing,. Prior to
terminate the test should the -facilty health monitoring running the- test cotmmand sequence on the USD rig,•
systemn detect an out-of-limit condition. :. . . "
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the test will be simulated using the Verifier to validate configuration. This setup is nearly identical to the
properand safe-operation. Software Verification System with exceptiou of actual

EM swere nad ,instead of tb~ltdelectrical
Inte~mtio Test - pads provided'by the Verillr.

Sofwe andhardware integration testing- 'as Tst Operation -

performed at the bench level t6 verifyr control system Durinig normal Software Verification. S ym operation
coqatbliy Thatest USD rig test DEREC softwae" .the Verifier sets chamber pressure,ý vsingih ea timne

was urtiliized.Engine cyle operation was simulated ia - 'DEREC M211nani16 -EMA
similar-fashion 'tota ne fo tyia test' AAs in place' ~edo the
operations. The' limnited authority closed loop' trim:; .1;\ 'd AM. Afmnan oribftECM,
functioni in the DEREC software was also evaluated It ,ed instead of-the 1eM-time,
during this testing. -. filguring the- vtm ith the

4 -~ s of operatn wee us ing
Crtii ofwae esin as completed using the g. r. 3nrqesareecded

Software: Verification System described *in section 4 a. - e data recob ,i g * ytem.The
pror~te ntgrtonteC~ismiimzd hardware '~s for real-timie daipayback to
ti~nsrig ha al vta cntoland fault -STD-1553 test bus. The result
accnnodtin imcios er tst d 'adoperating .3 ' ment consistent with DEREC

properly. f -~' ig test mode.

Hardware Setupq
Figures 3 and 4 provide aphoto of thie actual test setup
and a functional block diagram of the bench

Figur 4. hntegration Test Hardware Setup

American Institute of Aeronautics and Astronautics
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Enaine'Control Monitor

- Real Time Monitor
F 3 Test FaSysty

SimuT e gdonhe ..sd f s

E isu rte of 20 cotion f ythepgm w oeth

The operating, conditions and design features of the

Hardware Status USD components were selected to demonstrate
WHRPT Phase I goals. The WIIRPT goals are broad

Assembly of the USD is being paced by component based and were selected to focus efforts to improve all
tests of the ALH and AEC. Component testing of the aspects of rocket propulsion 'systems. Successful
AEC is scheduled for copletion Ytd quarter of 2000. completion of the program will provide the confidence
Component. testing of the ALH is expected to be and design validation to transition the demonstrated

completed I" quarter of 2001. The ALO has completed advanced technology components into existing and
component tests, and the turbopump is stored at P&W future propulsion systems.
awaiting USD test. Manufacture and water flow
cali'bration of the USD control valvesj )as been The primary enabling technologies (fluid film
completed by Flodyne Controls. The EMA• re all on bearings, high-heat transfer chamber, and digital
hand and their operational status has been verified. controls) will demonstrate significant benefits for
Fabrication of the control system wiring harnesses is rocket, engine components regardless of cycle or
over 95% complete. All materials are on-hand needed ptopelant combination. Future vehicles such as the-
to fabricate the Demonstrator piping. Once testing of Sp:cOperadions Vehicle and Space Maneuvering
the components is completed they will be used to field Vehicle, will need veiy high.. performing propulsion
fit the piping during the I quarter 2001. Assembly of systmn. The- USD provides a demonstration of
the USD is expected to require less than a week once advances that catbenefit these propulsion r ;syems-
the piping fabrication has been completed. %

While &the USD was designed to pvean IHPgn
Testing of the USD will be conducted on P&Wt High Phase I Mwpprstage•4eostrat it was Sized tO'lfieet
Pressure Cryogenic Test Facility and is planned to start fuiare liA system dima Tds.'The thrust level foi the
in the 3d quarter 2001 once the DEREC software has qper stage .demonmtor is based on ftrurýlaýnch
completed validation test vehicle denids. This is ýaready e.videntOm'Atlas and

Delta. heavy lift configurations that use two o.RLIO
SunrnL engies-. An engine based. on the USD meeting the

IHPRPT Phase I goals for thrust-to-weight and

American Institute of Aeronautics and Astronautics
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manufacturing/support costs will be able to replace
these two engines in the same envelope of just one
RL1O, increasing vehicle reliability and reducing
overall vehicle cost

With cost being one of the primary focus areas of the
IHPRPT goal, the USD has also developed procedures
and manufacturing techniques which will reduce the
overall cost to launch vehicles in both hardware and
support requirements. This supports the EELV
program goals of reducing launch costs by 25 to 50%.
Engines utilizing the technologies demonstrated by the
USD will directly benefit any future upgrades to EELV
launch vehicles. The higher thrust level and
maintaining the same operational envelope of the
RLIO also supports the demands of the heavy lift
EELV.

The USD will demonstrate the operation of a high
conductivity chamber, fully supported fluid film
bearing turbopump and digital controls in an engine
configuration. This technology demonstration,
scheduled for testing in late 2001, will push liquid
rocket engine performance to new levels. This
technology base can lead to a highly reliable, reduced
cost engine capable of replacing existing RLIO upper
stage engines. The USD willilead to rob•utenine for
futre expendable applications. . . . - . ".
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